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L.

ABSTRACT

Multichannel sea surface temperatures (MCSST) computed

from NOAA-7 AVHRR channels 4 and 5 are compared to sea

surface temperatures measured by an aircraft radiometer

(PRT-5). This data set was collected in Fall, 1982 off the

southern Californian coast. The MCSST was warmer by 0.82

degrees in the area where aerosol effects did not offset

increasing radiance due to vertically warming air tempera- ..

ture. As aerosols were able to offset the temperature

contribution to radiance, the difference between MCSST and

PRT-5 SST measurements decreased.

Aerosol effects on infrared radiance were qualitatively

examined using an atmospheric transmittance model (LOWTRAN

6). Comparing the model and PRT-5 results indicates that

below the marine boundary layer, high aerosol extinction

caused significant cooling. Above the boundary layer, aero-

sols scattered and emitted energy, generally decreasing the

measured radiance. The emission moderated the decrease by

increasing the radiance slightly.
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I. INTRODUCTION

Infrared measurements from satellite mounted radiometers

currently supply the quantity but not the degree of accuracy

of sea surface temperature (SST) values required for work in

many scientific fields, such as oceanography and meteo-

rology. The accurate determination of SST from radiometer

measurements requires improved methods for measuring and

analyzing atmospheric data and a better understanding of the

radiative transfer processes through the earth's atmosphere.

Improvements to satellite-derived SST have been made

through multiple-wavelength techniques. Multispectral meas-

urements from satellites facilitate calculation of atmos-

pheric attenuation corrections to SST by combining

brightness temperatures from two or three atmospheric

windows. Each spectral band has a characteristic atmos-

pheric transmittance which, when combined, can act as a

weighting function to constants in multichannel sea surface

temperature (MCSST) equations. Many MCSST procedures first

do tests for initial cloud filtering using spectral measure-

ments from the visible ranges (0.58 to 1.1 microns). Cloud

tests for this study are not considered because the data

analyzed came from cloud-free conditions. McClain (1980)

develops MCSST equations by studying the relationships

- between model generated brightness temperatures in the

infrared ranges of 3.7, 11 and 12 microns, to variations in

atmospheric transmittance due to temperature and humidity.

Further development of MCSST equations from Advanced Very

High Resolution Radiometer (AVHRR) measurements are given in

McClain et al. (1983). Strong and McClain (1984) adjust the

temperature-dependant bias corrections of the MCSST equa-

tions on the basis of 164 match-ups with drifting buoy

temperatures. They found root mean square differences of

r .
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0.680 C between satellite and buoys, whereas with ships-of-

opportunity they were 1.80 C. This latest version of the

MCSST equations is used for this study.

Both studies, by Strong and McClain (1984) and McClain

et al. (1983), discuss briefly the problems associated with

direct comparison of radiometer-measured "skin" SST and in

situ "bulk" temperatures. The "skin" layer temperature is a

result of a loss of energy from the sea surface to the

atmosphere by molecular processes at the air-sea interface.

As described in McAlister and McLeish (1969), this "skin" or

thermal boundary layer ranges in depth of 0.1 to 1.0 millim-

eter within which the temperature increases linearly with

depth. This temperature gradient is proportional to the net

heat lost to the atmosphere and is in the range of 2 to 50 C

per centimeter. The in situ bulk temperatures are collected

from below this skin layer and are often several tenths of a

degree different from the skin temperature.

This study is directed toward reducing the uncertainties

in corrections for MCSST equations due to atmospheric

effects. Specifically, aerosol effects on infrared radiance

is investigated. Atmospheric effects are calculated from

aircraft measurements of temperature, dewpoint, pressure and

particle distribution. This is done using an atmospheric

transmittance model called LOWTRAN 6, from the Air Force

Geophysics Laboratory (Kneizys et al., 1984). The amount of

component ,such as water vapor or aerosol, contributions to

the total atmospheric effect is investigated by running the

LOWTRAN 6 model with different input parameters.

Aerosol effects on infrared radiance are evident in both

the MCSST from NOAA-7 satellite AVHRR channels 4 and 5 ( 11

and 12 pm respectively) and the aircraft radiometer (PRT-5,

8 through 14 pm) SST. The MCSST was compared with the PRT-5

SST measured at the lowest altitude of a vertical spiral.

This comparison showed that the difference between the PRT-5

10 Ci.
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and satellite SST was larger in areas where cooling due to

aerosol absorption and scattering did not offset the

increasing effect that warming air temperature, with height,

had on radiance measurements. The satellite SST was warmer

by O. 820C in the area of highest tropospheric aerosol

concentration. Yet, the resulting low transmittance could

not offset the warm air temperature's effect on measured

radiance. The size or quantity of aerosols did not make the

transmittance low enough to offset the warming above the

marine boundary layer. As the aerosols were able to offset

the increase in air temperature, the variance between the

SSTs decreased. Comparing the LOWTRAN model and PRT-5

results confirms that, for this period, air temperature,

aerosols and water vapor density are the major influences on

radiometer-measured SST.

With further quantitative research and analysis, these

results coupled with methods to measure vertical profiles

and aerosol characteristics, can be applied to current

corrections for MCSST and used to develop other multichannel

combinations to improve the accuracy of satellite sensed

SST.
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II. DATA AND PROCEDURES

A. DATA SOURCES

Data sources for this study are coincident measurements %

taken from the NOAA-7 AVHRR, an aircraft mounted radiometer t.

(PRT-5), and other aircraft environmental data sensors.

Flights were conducted during the period of 20 September

through 7 October 1982 off the coast of southern California.

Fig. 2.1 shows the area and specific locations of aircraft

vertical spiral data used for analysis.

Santo C- Cruz Los Angeies a '

SoniloB RosAa(22 S' a  oina o

SanC- ' 80(211°S(01)

A 1(2 1

Cierrente\v,(22) MYF
00

BI(01) Sn Diego

Figure 2.1 Locations of aircraft spirals.
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Prior to flight, satellite images were used to locate

regions of brightness variation which were expected to be

caused by aerosol variation. Fett and Isaacs (1979)

discussed the relationship between the variations of rela-

tive humidity and aerosols which are evident as 'anomalous

gray-shades' or brightness variations. Griggs (1983) demon-

strated the usefulness in using satellite sensors, such as

the NOAA-7 AVHRR channels 1 and 2, to measure tropospheric
," aerosols and Durkee et al. (1984) summarized the ability of

the meteorological satellites to detect marine aerosol

particle variations. The aircraft was then directed to

these regions by radio. The experimental instruments, meas-

urement procedures and data reduction, and analyses are

discussed in the following paragraphs to provide a basis for

understanding the results and conclusions.

1. The NOAA-7 AVHRR

The NOAA-7 satellite is in sun-synchronous polar
orbit. It crosses the equator at about 1430 (ascending;

increasiny north latitude) and 0230 (descending; decreasing

north latitude) Local Solar Time. Since the orbit does not

cross at the same position each day, the afternoon passage

time over southern California varied from 1430 to 1600

Pacific Daylight Time (rZT).

The swath width of the AVHRR is approximately 2580

km. It collects data at 2048 discrete points across its
path and has a surface resolution for each 'picture element'

or 'pixel' of 1.1 km at the subsatellite point which expands

to several kilometers at the edges of the coverage. The
AVHRR measures radiance in 5 spectral bands. The wavelength

bands, in microns, are as follows: Channel 1 (red-visible),

0.58-0.68; Channel 2 (near-infrared), 0.725-1.10; Channels
3, 4, and 5 (infrared) are 3.55-3.93, 10.3-11.3 and

11.5-12.5 respectively. As in Durkee (1984), this study

used channels 1 and 2 for analysis of aerosol features.

. 13
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Channels 4 and 5 are used to indicate water vapor patterns

and compute MCSST. Channel 3 data could not be used due to

excessive noise. The time differences between NOAA-7 and

aircraft measurements collected on the same day are 6 to 79

sminutes. For more details on the NOAA-7 satellite and AVHRR
sensor see NOAA Polar Orbiter Data Users Guide from the

National Environmental Satellite, Data, and Information

Service (Kidwell, 1984).

2. The Aircraft Measurement System

The aircraft, a twin-engine Piper Navajo, flew in

two distinct flight patterns to maximize the sampling

density of the measurment region. One pattern was constant

altitude legs, flown at different altitudes, to provide

two-dimensional cross-sections of the region. The other was

vertical spirals, to get high resolution samples through the

air column. The aircraft normally flew with a 54 m/s

airspeed during the measurement periods. With an 'on-

station' flight time of about four hours, the aircraft could

sample up to 800 km of airspace in one flight. The vertical

spiral measurements were the only data analysed for this

study.

The aircraft was equipped to measure state variables

as well as aerosol properties as described by Noonkester

(1981). A listing of the aircraft instrumentation is given

in Table I. The T, Td, P, SST, ASSP, LWC and radiation flux

measurements listed in the table were obtained continuously

throughout the flights. The wand collections, CN and LIDAR

measurements were made systematically at specific intervals

during the flights.

The PRT-5 measures SST over a 20 field of view (FOV)

by combining radiances over a wide frequency band from 8 to

14 microns. The temperature accuracy is approximately

+0.10C.

%I
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TABLE 1

AIRCRAFT INSTRUMENTATION

..1.

State Variables:

temperature, T- Rosemount sensor, HP Quartz sensor
dew point, Td - EG and G cooled-mirror hydrometer
static pressure, P - Rosemount sensor
sea surface temperature, SST - PRT-5

Aerosol and Cloud Particles:

size distribution - ASSP (Axially Scattering Spectrometer Probe).
0.23 - 14.7 pm radius particles

particle composition - particle composition wand (Hobbs et al.,
1976)

cloud liquid water, LWC - hot wire device (King _t A.l., 1978)
condensation nuclei. CN - rapid expansion counter (Hobbs et al.,

1976)

Radiometers and Lidar

shortwave and longwave radiative flux - Eppley pyranometers, both
up- and down-pointing

1.06 um LIDAR, down-pointing (Lentz, 1982)

B. PROCEDURES AND DATA ANALYSIS

The procedures for data analysis started with converting

AVHRR brightness counts to temperatures for channels 4,and

5. Then MCSSTs, calculated from channels 4 and 5, were

compared to low altitude (30 to 60 m) and higher altitude

(1000 to 1500 m) PRT-5 measurements. The location of these

measurments were visually correlated with tropospheric

aerosol concentration patterns calculated from a combination

of channel 1 and 2 radiance values. Aircraft-measured envi-

ronmental variables were used to investigate the changes

15



with altitude of PRT-5 SSTs. Also, radiance values, calcu-

lated by the LOWTRAN 6 model using the aircraft measured-%

atmospheric profiles, were converted to temperatures and

compared to the PRT-5 measured SST profile. Aerosol contri-

butions were investigated by varying the LOWTRAN prescribed

aerosol distribution. The changes of PRT-5 SST measurements

with altitude are discussed in chapter three.

1. NOAA-7 AVHRR Data Analysis

The NOAA-7 AVHRR images were collected by the

Scripps Satellite Oceanography Facility (SSOF). The image

brightness counts from channels 4 and 5 were converted to

temperatures using an algorithm described in Lauritson et

al. (1979). These temperatures are then used to calculate

and display MCSST.

The MCSST computations use a daytime MCSST equation

derived by Strong and McClain (1984):

MCSST(daytime)=1. 0346T4 +2.58(T 4 -T5 )-283.21, (2.1)

where T4 is the brightness temperature in degrees K for

channel 4, T5 is the brightness temperature for channel 5

and the MCSST results are in degree C.

Channel 4 (11 pm) has a higher transmittance than

channel 5 (12 pm) with respect to water vapor. Channel 5 is

affected more by water vapor, which results in typically

cooler temperatures as upwelling radiance is absorbed and

reemitted through the atmosphere.

2. Environmental Data and Calculations

Air temperature (T), dewpoint temperature (Td),

pressure (P), sea surface temperature (SST) and altitude

were measured directly by the aircraft. Relative humidity

(RH), water vapor density (pv) and potential temperature are

calculated. The saturation vapor pressure, es, used to

calculate relative humidity is defined by Tetens (1930) and

16
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verified by Bolton (1980). Noonkester (1980) discusses the

total errors accumulated in the RH calculation used for this
study. The accuracies for the state variable sensors are:

temperature (T), ±0.10 C; dewpoint temperature (Td) TO.5°C;

and pressure (P), ±1 mb. See Durkee (1984) for further

details on computations of relative humidity, mixing ratios,

vapor pressures, water vapor density, and potential

temperature.

3. Extinction Coefficient Calculation

In a cloud-free marine environment the upwelling

radiance is influenced primarily by two types of scattering.

These are Rayleigh or molecular scattering which exists

throughout the atmosphere and Mie or aerosol scattering

which is usually confined to the marine boundary layer,

especially in the presence of a subsidence-induced,

low-level inversion.

Extinction coefficient values characterize the

atmosphere's ability to absorb and scatter energy at

specific heights. Applications and calculation of

extinction are discussed as a basis for understanding the

conclusions in chapter four.

Total upwelling radiance, measured at the top of the

atmosphere, is a combination of emissions and reflections

from the surface, transmittance, which is determined from

extinction values, and the temperature profile through the

air column as shown below (Liou,1980),

I= BX(Ts)T(°J,0) + Jo BX(T(z))dTX(OO,z), (2.2)

where the first term on the right hand side is the surface

contribution to the total radiance and the second term is

the atmospheric contribution. Ik is the spectral upwelling

radiance (watts m-2 sr-/pm). Bk(Ts) is the Planck function

(watts m 2 sr-/pm), which relates emitted monochromatic

intensity with frequency and temperature of the emitting

substance, and is defined as:

17



BX(T) = (2hc2) / X5(ehC/KTX-l), (2.3)

where k is the wavelength.
h is Planck's constant (6.6262xi0 "2 7 erg sec)

c is the velocity of light (2.99793xi0
I0 cm sec-l

K is Boltzmanns' constant (1.3806xi0 16 erg deg-l).

T is absolute temperature.

Tk ( oO ,z ) is transmittance from a given height to the

top of the atmosphere. When transmittance is weighted by

the Planck function and summed through the atmosphere, as in

the second right hand term, it yields the upwelling radiance

contribution from the atmosphere. Since this term is depen-

dant on temperature and extinction within each layer, it

represents the atmospheric effect on the total upwelling

radiance. Spectral transmittance is related to optical

depth by the equation

Tk(z) = e- , (2.4)

where T is the optical depth and is calculated by:

= Pextdz. (2.5)

The extinction coefficient (in units of per length)

is defined by:

Pext =  0 7r 2Qext(mr) dN(r)/dr dr, (2.6)

where Qext is the extinction efficiency of a particle with

radius r and complex index of refraction (m), dN(r)/dr
describes the size distribution of the particles and, nr2 is

the cross-sectional area.

Durkee (1984) discusses the relationship between the

terms of the extinction coefficient equation and shows that

18
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for each set of values there is a bounded range of particle

sizes which contributes to the extinction coefficient. With

this information, data collection and analysis can concen-

trate on specific particle size ranges to get required

information. The size distribution, N(r), was determined

from the ASSP measurements aboard the aircraft. The extinc-

tion efficiency, Qext, was calculated from Mie theory and is

a function of the complex index of refraction, wavelength

( ) and particle radius. The extinction values used for

this analysis were calculated for the study by Durkee

(1984), which used the same data set. The method of calcula-

tion is discussed in detail within that report. The extinc-

tion coefficients used in this study were computed at 0.63

gm, the median frequency of AVHRR channel 1.

C. LOWTRAN 6 SEA SURFACE TEMPERATURES

The PRT-5 SST value is a combination of optical depth

and sea surface radiance contributions weighted over a wide

frequency band of 8-14 microns. The type, amount and

particle size of constituents in the air at any given time

determine the value of optical depth. LOWTRAN 6 is used to

investigate the contributions of individual constituents.

LOWTRAN 6 is a model which computes atmospheric radiance and

transmittance from either a model atmosphere or a measured

atmospheric profile. Radiance can be calculated for many
different combinations of parameters.

Comparing PRT-5 SST and model-generated SST indicates
which constituents or parameters of the atmosphere have a

major influence on the PRT-5 measurements. The weighting

factor of each frequency used by the PRT-5 was unknown. Two

frequencies were chosen for model computations (8 and 11

pm), so comparisons could be made between the model derived
SSTs and PRT-5 SSTs. Transmittance at 8 pm is lower than at

11 pm due to water vapor and aerosols. For each frequency

the model was run for two cases: one used the aircraft
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measured atmospheric profile, including water vapor, but

without the internal aerosol model of LOWTRAN 6; the second

was the same profile with the internal aerosol model.

Radiance was calculated first for the entire atmosphericVcolumn from the surface to the highest altitude of each .

vertical spiral and then from the surface to the next-to-

the-highest altitude and so on through the final, lowest

layer. LOWTRAN 6 limits the number of levels in the atmos-

pheric profile to 34, so many of the top spiral altitudes

used by the model are not the highest altitudes where the

aircraft took measurements. The main area of interest

extends from the surface to a few hundred meters above the

marine boundary layer. This layer was included in all the

atmospheric profiles used here.

The model radiance values were converted to SST by

Planck's function (see Eqn. 2.3) in the form of:

T(K) = hc/K (2.7)X(Jn(2hc2/X5(B(T)),

where A is the wavelength. The resulting model SST is

compared to the PRT-5 measured SST to investigate atmos-

pheric effects on SST measurements or infrared radiance.

L
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Comparing aircraft-measured vertical profiles of aerosol

extinction, air temperature, water vapor density and SST

shows relationships between each component and it's contri-

bution to infrared upwelling radiance. Atmospheric effects

on aircraft measured radiance will also affect the radiance

measured by the NOAA-7 satellite. A better understanding of

contributions to atmospheric effects will lead to a more

accurate satellite-derived SST. An atmospheric transmit-

tance model, LOWTRAN 6, is used to show qualitatively how

individual constituents, specifically aerosols and water

vapor, contribute to the atmospheric effects on remotely

sensed SST.

A. METEOROLOGY

Data to be analysed were collected on 21-22 September

and 1 October 1982. A sub-tropical high dominated the

southern California Coast on all three days. The associated

subsidence was strongest on the 22nd as indicated by a

shallow inversion layer. This stable layer traps ocean

generated particles and is often topped with stratrocumulus,

but not during this period. Fig. 3.1 shows the vertical

profiles of potential temperature (0), and relative humidity

(RH) for spiral "Al" on 22 September. Note the constant 0

and high RH layer from the surface to the top of the inver-

sion at 155 m. A frontal system passed through the area on

26 September. By 1 October the inversion layer was reestab-

lished. Due to increasing marine boundary layer mixing, the

inversion layer deepened from 200 m on 1 October to 450 m on

5 October.

21I
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B. EXTINCTION PROFILES AND OPTICAL DEPTH
Extinction coefficients were calculated using 0.63 Pm

for 21 and 22 September, which gives the aerosol contribu-

tion to optical depth and, therefore, radiance. The

particle size distribution measurements failed on 1 October,

so extinction values could not be calculated.

The highest extinction values were found in the inver-

sion layer with the largest value often near the top of the

inversion, where relative humidity also reaches a maximum.
The highest extinction value of 1.786 km "1 occurs at the

inversion of spiral Al from 22 September, depicted in Fig.

3.1. Table 2 contains a list of extinction values at the

inversion. From the inversion level heights on 22

September, it appears that the mixing in the boundary layer

at "Al" is still relatively strong compared to "B". Under

the same high pressure system, the inversion height at "Al" .

is 155 m while at "B" it is 70 m. This may be attributed to

the fact that SST at "Al" is 0.40 C warmer than at "B". The

warmer SST contributes to instability within the boundary

layer which generates mixing through the boundary layer.

The optical depths listed in Table 2 were calculated by

summing 25 extinction values from aircraft measurements

taken at a minimum altitude of 35 m and a maximum of 1209 m.

The optical depth values are not directly comparable, since

they are for air columns of different height. However, by

examining the profiles of extinction, air temperature and

water vapor a relationship between the measured SST and

optical depth can be determined. When the extinction

contribution to the atmospheric term in Eqn. 2.2 for

upwelling radiance is understood, then similar conclusions

can be drawn from the sum of extinction values or optical

depth.

On 21 and 22 September the air temperature profiles have

a minimum value at the top of the marine boundary layer, and
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temperature increases above the boundary layer. The water

vapor profile shows a high, uniform concentration in the

marine boundary layer and then decreases above the boundary

layer. Fig. 3.2 shows the air and dewpoint temperature

profiles and water vapor density and PRT-5 SST measurements

for spiral Al on 22 September. Note the close relationship

between the air temperature and measured SST, even with high

extinction values above the boundary layer. The high

extinction produces low transmittance which reduces the

upwelling radiance. The air temperature is warm enough so

that any reduction of the upwelling radiance by reduced

transmittance is not enough to keep the measured SST from

increasing.

On 21 and 22 September, the PRT-5 SST measurements at

each spiral decreased from the surface to the top of the

marine boundary layer and then increased with altitude. In

each spiral, the SST measured at the top of the spiral by

the PRT-5 (maximum height 1000 m. ) was warmer than the
temperature at the lowest altitude by 0.4 to 0.7 degrees.

This can be explained using Eqn. 2.2. Radiance has contri-

butions from both the surface and the atmosphere. Normally,

the upwelling radiance should decrease with height if trans-

mittance decreases and temperature decreases. At lower

altitudes, especially in the boundary layer where aerosol

density and water vapor density are high, extinction is

high. This results in a high optical depth and low trans-

mittance. Therefore, by Eqns. 2.2 and 2.5, the optical

depth increases, and the radiance from the surface

decreases. On 22 September, below the marine boundary layer

where the temperature decreased and transmittance decreased

with height, radiance or measured SST decreased. This is in

agreement with Eqn. 2.2. The minimum PRT-5 SST was at the

top of the boundary layer where the air temperature reached

a minimum and transmittance was the lowest. Above the
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TABLE 2

SPIRAL SEA SURFACE TEMPERATURES
AND OPTICAL DEPTHS

Date/ Spiral Alt(m): PRT-5 SST(C): Average'Spiral Top/ Top/ MCSST/
""Inversion/ Inversion/ Deviation

Bottom Bottom

21 Sep 1982
B 1000/160/26 20.24/19.53/19.79 19. 55/

-0. 22-+0• 15
AB 917/160/36 20. 13/19. 44/19. 62 19. 78/

-0. 25-+0. 17
Al 942/160/42 20.00/19.44/19. 49 19. 64/

-0.06-+0. 31
B1 923/200/36 20. 14/19.41/19. 63 20. 15/

-0.06-+0. 31

22 Sep 1982
B 873/70/51 20.19/19.49/19.57 19. 78/

-0. 14-+0. 13
BI 907/98/57 20.75/19.97/19.99 20.37/ -/

-0.21-+0. 15
Al 804/155/31 21.33/19.81/19.96 20 78/

-0. 15-+0.26

01 Oct 1982
B 1209/185/36 18. 66/18. 89/19.21 18 83/1

-0. 27-+0.47
B1 940/200/34 18.70/18.73/19.00 18 75/

-0. 11-+0. 30

Date/ Extinction(km-l): Optical Depth ASST
Spiral At Top. of MCSST -

Inversion Bottom

21 Sep 1982
B 1.0590 .5785 -0.24
AB 1. 1833 .5283 +0. 16
Al 1. 1323 . 6086 +0. 15
B1 0.7316 .3221 +0.52

22 Sep 1982
B 1.7128 1.057 +0.21
BI 1.6102 1.018 +0.38
Al 1.7864 1.360 40.82

01 Oct 1982
B Not Available -0.38
B1 Not Available -0.27
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Figure 3.2 Aircraft measured values of sea surface

temperature, air and dewpoint temperature and water
vapor density at point Al on 22 September 1982.
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boundary layer, the rise in air temperature increased the

atmospheric contribution to upwelling radiance and, there-

fore, increased the PRT-5 SST measurement. The total trans-

mittance continued to decrease with altitude but not enough

to cool or offset the warming air temperature's effect on

the radiance.

On 1 October 1982, extinction was not calculated because

of the lack of particulate data, but the response of the

PRT-5 measurements can be discussed in terms of the atmos-
pheric term of Eqn.2.2 A marine boundary layer is evident

by the minimum air temperature at the top of the layer and a

fairly constant potential temperature, especially in spiral

BI as shown in Fig.3.3. The air temperature increased above

the boundary layer and then decreased with height. Water

vapor density was highest in the boundary layer, decreased

rapidly above the boundary layer then gradually decreased

with height. The PRT-5 SST measurement reached a minimum at

the top of the boundary layer. Again, this may be attrib-

uted to the minimum in air temperature and decreased trans-

mittance from the surface. Above the boundary layer, the

PRT-5 measured SST increased slightly then decreased with

height.

Comparing air temperature, water vapor density, and

measured SST profiles from 21 and 22 September and 1 October
can indicate to what degree each contituent contributes to

the atmospheric effects. Within the marine boundary layer, N.
the 21 and 22 September profiles had higher air tempera-

tures, water vapor density and relative humidity than on 1

October. As a result of higher atmospheric contributions

from higher temperature and water vapor density, the

resulting PRT-5 SST measurements are higher on 21 and 22

September than on 1 October. Though the general values are

lower on 1 October the trends of each profile are similar

within the boundary layer. The air temperature reached a
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minimum at the top of the boundary layer, while water vapor

* density, relative humidity and, therefore, aerosol size

reached a maximum.

Above the boundary layer, 21 and 22 September air

temperature profiles were warmer than 1 October and

increased with height. The air temperature on 1 October

increased for a few meters above the boundary layer then

decreased with height. The water vapor density and relative

humidity profiles on 22 September indicate that this was the

driest atmosphere above the boundary layer of the three

days. The 21 September profile had a moist layer between 600

and 800 m. Otherwise the water vapor profile was similar to

that of 1 October. The measured SST increased with the

height of measurement on 21 and 22 September. On 1 October,

measured SST increased for about the first 50 m above the

boundary layer, and then it decreased with height. Above

the boundary layer, the temperature had the major influence

on the atmospheric effect to upwelling radiance. On 22

September, the aerosol transmittance was not low enough to

offset or cool the increased radiance due to the temperature

increase. On 21 September, the aerosol transmittance seems

to offset the increased air temperature effects, because the

measured SST was not increasing with height as much as on 22

September. Because the air temperature profiles were gener-

ally cooler on 21 September than on 22 September the aerosol

extinction was high enough to offset or decrease the meas-

ured upwelling radiance. This resulted in smaller differ-

ences of measured SST values on 21 September than on 22

September. On 21 September the SST differences of the

highest minus the lowest altitude measurements, ranged from

+0.45 to +0.53 degrees. On 22 September they ranged from

+0.59 to +1.37 degrees. On 1 October, the highest SST meas-

urements were cooler then the lowest measurements by 0.26 to

0.38 degrees. This may have been caused solely by
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decreasing air temperatures or by a combination of

* decreasing air temperatures and extinction by aerosols.

Without the extinction profiles the aerosol contribution is

unknown .

C. COMPARISON OF SATELLITE DERIVED AND PRT-5 SST -%

Values of extinction by aerosols have a distinct effect

on PRT-5 measurements. To link satellite detected SST accu-

racy with any aerosol effects, a comparison is made between

the lowest altitude PRT-5 measurement and MCSST. Table 2

shows PRT-5 SST measurements at the bottom and top of the

spirals and average MCSSTs.

On 21 September, the difference between the MCSST and

bottom PRT-5 SST measurement are small, ranging from -0.24

to +0.52 degrees. This indicates that the aerosol optical

depth had offset increased upwelling radiance due to

increased air temperature. On 21 September, the air temper-

ature profiles at all four spirals were similar. As seen in

Table 2, the MCSST-minus-lowest-altitude SST value is

highest (+0.52) at spiral B1 where the optical depth is the

lowest (.3221). At "BI", the optical depth was not high

enough to offset the increase in upwelling radiance due to

increased air temperature. The MCSST at "Bi" is closer to

the PRT-5 measured SST at the top of the spiral, showing

that aerosol optical depth and vertical temperature profiles

must be considered when calculating a satellite-derived SST.

On 22 September, the SST difference is the largest

(0.82o) at spiral Al, where optical depth and air tempera-

ture values were the highest. This spiral also had one of

the lowest altitude PRT-5 measurements (31 m). This implies

that the increase in upwelling radiance due to the
increasing air temperature was not offset or reduced by the

low aersol transmittance for this spiral.

On 1 October 1982, the SST differences were very small.

In both spirals the PRT-5 SST was warmer than the MCSST. At
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"B" the PRT-5 SST was warmer by 0.38 degrees and at "BI" by

0.26 degrees. The decrease in air temperature with height

decreased the upwelling radiance which was sensed by the

satellite, making it cooler than the actual temperature.

Analysis by Durkee (1984) indicates that aerosol contribu-

tion should have been considerably lower on 1 October due to

a frontal passage on 26 September.

There are some considerations that must be remembered

while comparing the MCSST and PRT-5 measured SST:

- The PRT-5 measurement is not at the surface. The
lowest altitude for PRT-5 measurements range from 26 to
57 m, and this may be significant because of the high
water vapor, relative humidity and aerosol content
within the boundary layer. The actual SST is probably
warmer than measured at a higher altitude since the
decrease in air temperature and transmittance would
reduce the radiance.

- The angle of the radiometer to the ground is not
constant due to aircraft orientation. This means that
the radiometer is lookin through different amounts of
atmosphere which may gave different transmittance
values.

- The MCSST is an average of SSTs over approximately a 5
pixel square or 5 square kilometers. It is not a meas-
urement directly below the lowest altitude PRT-5 point.
The deviation of MCSST over the 5 square km at each
spiral ranges from - 0.25 to + 0.31.

The MCSST equation seems to take "normal" marine aerosol

concentration and temperature distribution into account.

If there is a higher than normal air temperature profile

which is not offset by aerosol optical depth, such as in

spiral Al on the 22nd, the MCSST is too warm. More studies

have to be conducted to provide a broader basis for this

finding and also in the reverse situation of a cooler than
normal temperature profile for an area with and without

aerosol optical depth contributions.

D. LOWTRAN 6 RESULTS- AEROSOL CONTRIBUTION

The PRT-5 measured infrared radiance over a wavelength

range of 8 to 14 jim. Since the extinction values were

calculated at 0.63 pm, the degree of aerosol effect to the
PRT-5 SST measurements only can be assumed. Within LOWTRAN
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6, radiance can be computed for any wavelength. An internal

"Navy Maritime" aerosol model is an option in LOWTRAN 6 so

radiance can be calculated with or without prescribed

aerosol effects. Aerosol contributions are examined by

using the LOWTRAN 6 radiance computations, both with and
without the model aerosol distribution.

LOWTRAN 6 computes the atmospheric radiance using speci-

fied atmospheric parameters. For this study, four cases are

examined. Two cases use two wavelengths (8 and 11 pm)

without an aerosol profile from the LOWTRAN 6 model. Two

other cases use the same two wavelengths with the LOWTRAN 6

Navy Maritime aerosol profile. As inputs to the aerosol

model, all four cases use the aircraft atmospheric measure-

ments, and the calculated water vapor density. Surface

winds were obtained from daily San Nicolas Island soundings.

San Nicolas Island soundings are shown in Appendix C.

On 21 September , the PRT-5 SST appears to be an average

between SSTs calculated at 8 and 11 pm above the boundary

layer, as seen in Fig. B.I through Fig. B. 4. Below the

marine boundary layer the 8 pm profile without aerosols

matches the PRT-5 SST measurements very closely at spiral Al

(See Fig B.3). This implies that at this spiral position,

water vapor and decreasing temperatures below the boundary

layer had a major influence on the PRT-5 measured SST. At

spiral BI, there was additional cooling which may have been

due to aerosol extinction. The model aerosol distribution
lowered the model-computed SST, at 8 and 11 pm, to a greater

degree than the PRT-5 SST profile at each spiral. The

actual concentration and size of aerosol particles in the

marine boundary layer of each spiral may be less than the

model distribution, which would not decrease the measured

radiance as much as the model.

The model aerosol concentrations are high in the marine

boundary layer, and reduce rapidly above the layer. The
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model-computed SST with ae.osols was much cooler above the

marine boundary layer than the PRT-5 SST. This shows that

air temperature and water vapor are the major contributors

to the PRT-5 SST profile above the marine boundary layer.

The actual aerosol distribution above the boundary layer is

higher than the model predicts. This means that while aero-

sols decrease the measured upwelling radiance they may also

emit energy, thereby limiting the decrease of upwelling

radiance as indicated by LOWTRAN calculated values. More

cases have to be investigated using the LOWTRAN model and

actual aerosol distributions to examine emission by aero-

sols. The shape of the PRT-5 SST profile is closely related

to the 8 pm profile, which has lower transmissivity in the

presence of water vapor than at 11 pm. This confirms that

water vapor is a major influence on remotely sensed

radiance.

The 22 September results are similar to those on 21

September. The significant result for this day is at spiral

Al. There are identical profiles below the boundary layer

of the PRT-5 SST and the model computed SST at 8 lim with

aerosols (See Fig. B.7). Since these profiles did not match

without the model aerosol distribution, this shows that

aerosol had a pronounced effect in these conditions. Spiral

Al had the highest extinction value at the top of the marine

layer and the highest total optical depth. The resulting

low transmittance combined with the decreasing air tempera-

ture within the boundary layer decreased the measured radi-

ance. This results in a minimum SST measurement at the top

of the boundary layer.

Above the boundary layer, the model aerosol extinction

decreased the measured upwelling radiance significantly.

This indicates that when there are sufficiently high extinc-

tion values, the aerosols may also be emitting instead of

only scattering.
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On 1 October, the PRT-5 SST still appears to be an

average of 8 and 11 pm, but whereas the 8 pm profile was

generally warmer on the 21st and 22nd than 11 pm, it is now

cooler. This is due to the much cooler air temperature and

decrease in relative humidity, so that there are smaller -

radius aerosol particles emitting energy at 8 pm. The

general shape of the PRT-5 SST profile again follows the 8

pm profile. Introducing aerosols into the model did not

change the SST profiles computed at 8 and 11 pm without

aerosols. The two profiles are nearly identical, indicating .

that the aerosol sizes and/or quantity are not large enough

to affect the measured upwelling radiance. In the boundary

layer, the relative humidity was less than on 21 and 22

September so the aerosols were most likely smaller. The

smaller aerosols contributed less to attenuation and .

decreased the measured SST. Therefore, the air temperature

and water vapor density were the major factors for measured 1

SST on 1 October.
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IV. CONCLUSIONS

The purpose of this study was to investigate the marine

aerosol effect on satellite-derived SST. The initial step

examined the effects of aerosol optical depth on upwelling

radiance or SST measured by an aircraft mounted radiometer

(PRT-5). The amount of aerosol contribution to upwelling

radiance was examined using an atmospheric transmittance

model, LOWTRAN 6. To apply these results to satellite-

derived SST, PRT-5 measured SSTs were compared to satellite-

derived SSTs. The satellite-derived SST was calculated from

NOAA-7 channels 4 and 5 using a daytime multichannel sea

surface temperature (MCSST) equation by Strong and McClain

(1984). Data for this study were collected on 21 and 22

September and 1 October 1982 off the southern California

coast. There was a frontal passage on 26 September which

changed the environmental profiles between 22 September and

1 October.

Overall, the aerosol optical depth offset or decreased

measured infrared radiance. On 21 and 22 September, within

the marine boundary layer, the combination of decreasing air

temperature with height and high aerosol extinction values r
resulting in low transmittance gave a minimum SST at the top

of the boundary layer. This is in agreement with the

upwelling radiance equation 2.2. LOWTRAN 6 also demon-
strated for 21 and 22 September, especially for spiral Al on

22 September, that aerosols decreased model-calculated SST

within the boundary layer. On 1 October, within the

boundary layer, the PRT-5 measured SST did reach a minimum

at the top of the boundary layer. On this day aerosol

extinction values were not available but analysis by Durkee

(1984) indicated that the aerosol contribution should have
been considerably lower on 1 October due to a frontal
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passage on 26 September. From the comparatively low rela-

tive humidity values and LOWTRAN 6 results, the minimum SST

at the top of the boundary layer is due to the water vapor

content and minimum air temperature value. When model

aerosol distribution was added to LOWTRAN-calculated SST for

1 October, the SST profile did not change from the case

without aerosols.

Above the boundary layer, on 21 and 22 September, the

air temperature increased with height which increased the

atmospheric term and, therefore, the upwelling radiance.

The total measured upwelling radiance depends on how much

the aerosol optical depth decreased the radiance. On 21 _

September, the aerosol optical depth offset the increase in

air temperature so that the PRT-5 SST difference between

those measured at the top and bottom of the spiral are
P smaller than those on 22 September. On 21 September, the

top PRT-5 SST measurement was 0.45 to 0.53 degrees warmer

than those measured at the lowest altitude. On 22

September, the top PRT-5 SST measurement was 0.59 to 1.37

degrees warmer than those measured at the lowest altitude.

The larger difference on 22 September demonstrates that with

high aerosol extinction, measured radiance will depend on

the aerosol extinction offset of the air temperature effects

on radiance. On 1 October, the air temperature above the

boundary layer increased for about 50 m then decreased with

height. The PRT-5 SST followed the same pattern as the air

temperature. The top SST measurement is 0.26 to 0.38

degrees cooler than the SST measured at the lowest altitude.

On this day the measured radiance decreased with height due

to a decrease in temperature. The aerosol effect is not
known but can be assumed to be small from the LOWTRAN

results.

Aerosols scatter, absorb, and emit radiant energy. The

LOWTRAN aerosol distribution has high concentrations in the
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marine boundary layer and reduces to a very small value "k

above the boundary layer. On 21 and 22 September, using the

measured atmospheric data profiles and model aerosol distri-

bution, the model-calculated SST was much cooler than the X

actual PRT-5 profile. Above the boundary layer, the actual

aerosol amount was higher than the LOWTRAN model amount.

With a higher aerosol extinction the measured PRT-5 SST

should be cooler than the model calculated SST. Since it is

not cooler, this suggests that aerosols emit some radiant

energy and does not decrease the measured radiance as much -"

as the pure scattering process. Further aerosol data

collection and analysis, along with atmospheric transmit-

tance calculations with actual aerosol extinctions, are

required to provide enough information to thoroughly

investigate aerosol emittance.

Aerosol optical depth affects satellite-derived SST in ..-

the same manner that it affects PRT-5 measurements. On 21

and 22 September, the MCSST was more accurate where

increased upwelling radiance due to increasing temperature

was offset by scattering effects of aerosols. The

MCSST-minus-the-lowest-altitude SST values on 21 September

were generally small, ranging from -0.24 to +0.52 degrees.

The largest difference (+0.52) occured at spiral B1 with the

lowest aerosol optical depth. In this case, scattering by L

aerosols did not offset the increasing air temperature

contribution to the radiance. On 22 September, the MCSST is

warmer than the SST measured at the lowest altitude of the

spiral, by 0.21 to 0.82 degrees. The largest difference

(0.82) occured at spiral Al where the aerosol optical depth

was not high enough to offset the air temperature contribu-

tion to the upwelling radiance. On both dates, at the

spirals with the largest SST difference between the MCSST

and lowest altitude PRT-5 SST, the MCSST more closely

matched the PRT-5 SST measured at the top of the spiral. On
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1 October, the MCSST also more closely matched the SST value

measured at the top of the spiral. This was not due to the

aerosol effects as on 21 and 22 September since the aerosol

contribution to upwelling radiance was small on 1 October.

The decreased radiance due to the decreasing air temperature

was not fully corrected for in the MCSST equation.

The MCSST equation seems to correct for "normal" marine

aerosol concentrations and air temperature distributions.

If there is a higher than normal air temperature increase

and the aersol optical depth can not offset it, such as in

spiral Al in 22 September, the MCSST is too warm.

Additional aerosol and environmental data collection and

analysis are required to quantify the effects of aerosol

optical depth on measured upwelling radiance.

A correction to the daytime MCSST equation (Eqn.2.1)

could be made by using a weighting factor from channels 1

and 2. On 21 and 22 September, the measured aerosol optical

depths corresponded well with the pattern of aerosol concen-

tration derived from a combination of channel 1 and 2 radi-

ance values. The usefulness of this method was demonstrated

by Griggs (1983) and Durkee (1984). To make any correc-

tions, further data collection, plus analysis of existing

data are required. Quantitative studies of aerosol optical

depth, water vapor amounts and temperature profiles and how

they affect the differences between satellite derived SST

and "actual" surface SST, are also needed. In addition, the

constant altitude flight data from the expe!riment described

here should be analyzed for confirmation of the results of

this study.

This study demonstrates that aerosol optical depth has a

significant effect on infrared radiance and, therefore,

measurements of SST. The presence of aerosols reduces the

upwelling radiance, but the degree of the reduction is

dependant on the air temperature profile. Satellite

..
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measurements of aerosol optical depth, water vapor and

vertical temperature can be used in correcting MCSST eq-ua-

tions once the relationship between the environmental

factors and the radiative transfer problem is understood.
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.4 APPENDI A

~~SP IRAL MEASUREMENTS

N This appendix contains figures of the vertical spiral .

~~measurements collected on 21-22 September and 1 October --

, 1982, off the coast of southern California. 
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%APPENDIX

AIRCRAFT PRT-5 AND LOWTRAN 6 SEA SURFACE TEMPERATURES

The figures show a comparison of aircraft radiometer

(PRT-5) sea surface temperature measurements and LOWTRAN 6

computed sea surface temperatures (SST). The PRT-5 measured

SST using wavelengths between 8 and 14 pm. Graph (a) in

each figure shows LOWTRAN 6 computed SST for wavelengths of

8 and 11 pm without any aerosol contribution and the PRT-5

measured SST. Graph (b) shows the LOWTRAN 6 SST at 8 pm

with and without the models aerosol distribution and the

PRT-5 measured SST. The SST profiles that were computed

using the LOWTRAN 6 "Navy Maritime" aerosol model are iden-

tified with an "A" after the wavelength, such as 8A or 11A.

Graph (c) in each figure shows the LOWTRAN 6 SST profile at

11 pm with (11A) and without (11) aerosol contributions.
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APPENDIX ,"t

SAN NICOLAS ISLAND SOUNDINGS %

This appendix contains the San Nicolas Island soundings

taken in 21 and 22 September and 1 October 1982.
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